Abstract. The flow of viscoelastic fluids through a microfluidic flow-focusing device was studied numerically. The conceived device is shaped as a double cross-slot with three entrances and three exits, in a symmetric configuration, aiming to achieve a constant extensional rate (f ) at the centerline. The two-dimensional numerical simulations using the upper-convected Maxwell (UCM) model allow us to analyze the effect of Deborah number (De) on the flow patterns under creeping flow conditions. As a consequence of the small length scales and high deformation rates associated with the micro-channel flow, strong viscoelastic effects are observed, including purely elastic asymmetries. The double crossslot geometry enables the generation of a region of converging flow, with the added advantage of keeping the flow region of interest away from walls, thus minimizing shear effects. The imposed Hencky strain can be controlled by varying the ratio of the flow rates in the inflowing branches. The shape of the streamlines defining the converging region is strongly influenced by the velocity ratio and by the geometric parameters of the device (e.g. the relative size of the entrance branches). By tuning these parameters, we are able to generate a region of nearly constant e at the centerline.
INTRODUCTION
The small length scales characteristic of microfluidics enable the generation of flows with high deformation rates while keeping the Reynolds number (Re) small. These unique conditions result in the ability to promote strong viscoelastic effects, which are not concealed by fluid inertia, in fluids that would otherwise exhibit Newtonian-like behavior at the equivalent macroscale. This is particularly important in apphcations that typically use nonNewtonian fluids such as Inkjet printing and lab-on-a-chip devices. There are a number of research studies that take advantage of the small length scales to enhance non-linear rheological effects with different apphcations in mind [1] [2] [3] . Here, our aim is to develop a device that can be used as an extensional micro-rheometer suitable for measuring extensional properties of dilute polymeric solutions. Towards that goal, we study a double cross-slot device to explore the possibility of attaining a region of constant strain rate. We perform numerical calculations to examine the effect of operating and geometric parameters as well as the effect ofDe on the flow patterns and velocity field.
NUMERICAL METHOD AND FLOW GEOMETRY
The double cross-slot device used contains three inlet and three exit channels. The geometry is two-dimensional and symmetric as illustrated in Figure 1 , where the main variables are identified. The origin of the coordinate system is set at the center of the entrance cross slot as shown in Figure 1 . Side streams are introduced into the central mainstream through two lateral channels of equal dimensions. The width of the lateral channels (D2) was varied from 0.5Di to 2Di, where D^ is the width of the central inlet channel. For all configurations tested, the length of the inlet and outlet channels was set to thirty times the central inlet channel width (30Z)i). To account for the effects of geometric parameters, we define the relative width of the entrance branches as WR = D2/Di. The average velocity ratio, defined as the ratio of the inlet average velocities in the side streams to the average velocity in the central inlet stream {VR = U2IU1), was varied between 1 and 200. A flow rate ratio is also used and is defined as FR = VR WR. We characterize the degree of elasticity using the Deborah number, De = /lf/2/Di, where A is the relaxation time of the fluid. For each geometry, De was varied between 0 (corresponding to Newtonian fluid flow) and 0.5. This was achieved by changing VR and A in the viscoelastic constitutive model. For reasons of rheological simplicity, in this prehminary study we have used the UCM model [4] to describe the viscoelastic fluid, T + AT = IrjD, where the superscript V denotes the upper-convected derivative, Tis the extra stress tensor, //is the viscosity of the fluid and/) is the strain rate tensor. ", ., ,, , ,, x, • • .1 1 We consider that the flow is isothermal, incompressible and that it occurs under creeping flow conditions (Re -> 0). Even though in real flows Re is never zero, it can be considerably small when dealing with microfluidic flows which have characteristic length scales on the order of 10-100 ^m. Thus, by assuming creeping flow in our simulations, we ehminate the effects of inertia and are able to isolate the elastic effects on the flow patterns and the onset of flow asymmetries. In order to model the flow, a fullyimphcit finite volume method is used to solve the appropriate equations of conservation of mass V-u = 0 and momentum -Vp + V-T=0 together with the constitutive equation for T. A thorough description of the methods used here can be found in [5] [6] . We have imposed fully-developed velocity and stress profiles at the inlet boundaries, and Neumann boundary conditions at the outlets. Additionally, the no-slip FIGURE 1. Schematics of the double cross-slot geometry.
condition at the walls was imposed. The spatial domain was mapped using structured and orthogonal meshes that divide the central region of each cross-slot region uniformly into cells of size Ar"," = Ay"i" = O.OlDi. The total number of cells (NC) varies according to the specific geometric configuration under study: NC = 27850, 40902, 66002 for WR = 0.5, 1, 2, respectively. Figure 2 illustrates the effect of VR on the flow patterns and the axial velocity profile along the centerline (x = 0). As we can see in the axial velocity profiles shown in Figure 2b , the fluid accelerates as it approaches the lateral entrances and we can obtain a region of approximately constant strain rate in the converging section, which increases non-linearly with VR. One interesting feature of this geometric configuration is that, unlike other geometries [1, 7] , we can adjust the Hencky strain just by varying VR without changing the size and shape of the device. This is patent in the separation streamhnes obtained for different VR, shown in Figure 2a . An alternative way to change the Hencky strain is to vary the geometric parameter WR. In fact, the controlhng parameter is the product of VR and WR, i.e. the ratio of flow rates in the inflowing branches, FR: e^ = ln[3 {\ + 2FR)l 1\. In Figure 3 we show the effect of De on the axial velocity profiles for different operating and geometric conditions. For high FR (e.g. FR = 20), it is clear that as De is increased, the flow takes longer to fully develop, and there is a reduction of the region where constant £ is observed. Comparing the profiles for FR= 1, we can see that there is an increase of £ with a decrease of WR. Furthermore, we wish to highlight the undershoot due to diverging streamlines that are present just upstream of the lateral inlet arms and which are enhanced by elasticity, as well as the overshoots at the extremities of the central channel of length L. This type of overshoots has been observed in viscoelastic flows through contractions [8] and we see that the overshoot near the inlets is enhanced for lower WR while near the exits is more pronounced for higher WR. In both cases, the overshoots are enhanced for higher De. The transition to asymmetric flow was only observed for sufficiently high VR, VR > 10. Below this value, the flow evolves from steady and symmetric to unsteady without becoming steady and asymmetric. In the hmit of very high VR, the critical De becomes nearly constant, De^ 0.34. For WR = 0.5 and 2, qualitatively similar flow patterns are observed but the value ofDecinthe limit of high VR is slightly higher (Dec-0.37) than that obtained for WR = 1.
RESULTS AND DISCUSSION

